Abstract: Chromosomal aberrations are very frequent in leukemias and several recurring mutations capable of malignant transformation have been described. These mutations usually occur in hematopoietic stem cells (HSC), transforming them into leukemia stem cells. NUP98 gene translocations are an example of such chromosomal aberrations; these translocations produce a fusion protein containing the N-terminal portion of Nup98 and the C-terminal of a fusion partner. Over 75% of Nup98 fusions can interact with chromatin, and lead to changes in gene expression. Therefore, I hypothesize that nup98 fusions act as rogue transcriptional regulators in the cell. Collecting previously published gene expression data (microarray) from HSCs expressing Nup98 fusions, we can generate data to corroborate this hypothesis. Several different fusions affect the expression of similar genes; these are involved in a few biological processes in the cell: embryonic development, immune system formation and chromatin organization. Deregulated genes also present similar transcription factor binding sites in their regulatory regions. These putative regulatory transcription factors are highly interconnected through protein-protein interactions and transcriptional regulation among themselves, and they have important roles in cell cycle regulation, embryonic development, hematopoiesis, apoptosis and chromatin modification.
Background:
Leukemia is a type of hematologic malignancy that originates in the bone marrow and leads to accumulation of immature hematopoietic cells with clonal origin. These leukemic cells can out-compete normal blood cells, replacing them in the bone marrow and spreading to extramedullary sites, and thus interfering with the normal function of the hematological tissue. The Canadian Cancer Society estimates 5000 new cases of leukemia for 2011, with approximately 2500 deaths.
(1) Leukemia is a heterogeneous disease that can be subdivided according to the cell lineage affected (myeloid or lymphoid) and the degree of differentiation of leukemic cells. More recent classifications by the World Health Organization also incorporate pathologic and genetic markers, achieving more biological significance. (2) Chromosomal aberrations and leukemogenesis: delineating causes and effects. Our knowledge of leukemogenesis is greatly influenced by the discovery of recurring chromosomal aberrations and/or gene mutations capable of malignant transformation of cells. ( 3) The target cell for these mutations is not always known, but increasing evidence indicates that leukemias originate in hematopoietic stem cells (HSCs) that are transformed into leukemia stem cells (LSC) by these chromosomal aberrations. LSCs and HSCs share two important characteristics, self-renewal and differentiation of new hematopoietic tissue. The clonogenic nature of leukemias is similar to that observed in normal hematopoiesis, and only a small specific subset of leukemic cells, LSCs, are capable of indefinite proliferation, as seen only for HSCs.(4) If we consider HSCs as the cells of origin for most leukemias, we can better comprehend the high incidence of chromosomal aberrations present in this type of cancer. In a normal organism HSCs are usually quiescent and cycle very slowly; this is a protective mechanism to minimize DNA replication errors and the generation of toxic metabolic subproducts. However, quiescence of HSCs also presents a disadvantage. Once DNA damage does occur, specifically DNA double strand breaks (DSB), these cells must repair the lesions through the non-homologous end joining (NHEJ) pathway. NHEJ is an error-prone, mutagenic pathway that often causes chromosomal aberrations.(5) Given the self-renewal property of HSCs, mutations can be transmitted and accumulated, giving rise to LSCs with a high frequency of chromosomal aberrations; in fact, most recurring translocations in leukemia display a NHEJ repair signature. (6) Most chromosomal translocations in leukemias occur in chromosomal regions where the DNA is more susceptible to double strand breaks. These susceptibility regions can be characterized by several chromatin structural elements, including topo II DNA cleavage sites, DNase I hypersensitive sites, scaffold/matrix attachment regions (S/MAR) and retrotransposon regions (LINE and SINE).(6) Chromosomal position within the nucleus also influences the frequency of translocations. It is likely that loci localized in close proximity inside the nucleus will more frequently translocate in cases of DSBs.(7) Finally, for these translocations to lead to transformation, they must generate fusion proteins that promote an advantage to the cell. Thousands of chromosomal translocations have been detected in leukemia cells.(8) Most of these fall within two categories: type I mutations promote increased proliferation or survival, and type II mutations impair differentiation or enhance self-renewal. At least one mutation of each type seems to be necessary for leukemogenesis.(9) Leukemic chromosomal translocations generate chimeric fusion proteins, and many of these fusion proteins have similar characteristics: they localize to the nucleus, affect transcriptional regulation, contain a DNA binding domain and cause epigenetic modifications. (10) In fact, epigenetic changes are a common occurrence in most acute leukemias.(3) If we consider that during normal hematopoiesis a complex program of epigenetic modifications takes place, it becomes clearer how altering epigenetic modifications can affect cell differentiation and self-renewal leading to leukemogenesis.(11) HOX genes are a prime example of epigenetic regulation. The pattern of HOX expres-sion in cells is epigenetically regulated and inherited; each cell in the hematopoietic differentiation continuum displays a specific pattern of HOX genes expressed. More primitive hematopoietic cells have higher levels of HOX expression, as cells differentiate and lose their proliferative capabilities, HOX expression decreases until it becomes absent in completely differentiated cells. Overexpression of numerous HOX genes can induce leukemogenesis, in several cases changes in their expression levels are a result of histone modifications in the 5' HOXA gene. (12) Nucleoporin genes and cancer. To date, the literature has revealed five nucleoporins involved in carcinogenesis, Tpr, Nup88, Nup98, Nup214(13) and Nup358. (14) Nup88 expression is up-regulated in several cancers, specially carcinomas. Increase in its protein levels is thought to deregulate NF-kB nuclear transport maintaining it constantly activated.(15) The remaining 4 nucleoporins are involved in carcinogenic gene fusions. Tpr gene fusions with Met and NTrk1 have been described in gastric cancers and papillary thyroid carcinomas, respectively. In both cases the N-terminal coiled-coil domain of Tpr is juxtaposed with the tyrosine kinase domain of the fusion partner. This leads to dimerization independent of ligand, and to constitutive activation of kinase activity, causing deregulated signaling that leads to carcinogenesis. (13) A similar carcinogenic mechanism is seen in Nup358 fusions. In inflammatory myofibroblastic tumors, the N-terminal leucine zipper of Nup358 is fused to the tyrosine kinase domain of ALK, also leading to deregulated kinase activation. (16) Gene fusion of NUP214 and NUP98 play a role in leukemogenesis. NUP214 gene fusions with ABL also promote constitutive kinase activation in T-ALL. The kinase domain of ABL is fused to the N-terminal coiled-coil motif of Nup214. Interaction between this motif and nup88 allows localization of the fusion to the nuclear pore complex (NPC), bringing the kinase domains to sufficient proximity for constitutive activation. (17) In very rare cases Nup214 also translocates with SET and DEK in T-ALL and AML, respectively. In these cases almost the full length SET or DEK protein is fused to the C-terminal FG repeat of Nup214.(13) SET-NUP214 can interact with HOXA gene promoters leading to their expression. HOXA expression only occurs in the earliest T-cell precursor, so the fusion blocks T cell differentiation.(18) DEK-NUP214 fusions seem to increase overall protein translation specifically in myeloid cells, possibly facilitating carcinogenesis. (19) SET and DEK are two histone interacting proteins that perform opposing roles in the regulation of access to chromatin. SET promotes and DEK restricts accessibility to chromatin by the transcriptional machinery.(20) It is possible that NUP214 translocation with these genes affects the balance between the two chromatin modifiers. The NUP98 gene is fused to a wide range of partner genes, resulting in several hematopoietic disorders, especially acute myeloid leukemia (AML).
NUP98 translocations in leukemias.
All NUP98 translocations described thus far generate a chimeric fusion protein that retains the N-terminal portion of Nup98 and the C-terminal of the fusion partner. Most chromosomal breaks take place between exons 11 and 13 of the NUP98 gene.(21) Interestingly, an enrichment of DNAse I hypersensitivity sites and a strong prediction of S/MAR are present in this region, corroborating its increased susceptibility to translocations, as seen in figure 1 below.
Figure 1: NUP98 gene chromatin structure. A -UCSC genome browser(52) tracks displaying NUP98 gene structure (most commonly translocated region, exons 11 to 14, marked) and DNAse I hypersensitivity sites. B -S/MAR enrichment on NUP98 gene, defined by MARFinder. (53) The N-terminal portion of Nup98 (conserved in fusions) contains FG/GLFG repeats flanking a coiled-coil Rae1 interaction site ( Fig. 2A) . Even though a third of all nucleoporins contain FG repeats, Nup98 is the only GLFG repeat containing nucleoporin in humans. (22) At nuclear pore complexes (NPC), Nup98 interacts with transport molecules, mediating traffic through the NPC. The N-terminal of Nup98 interacts with XPO1, facilitating export of specific proteins from the nucleus, (23) and with TAP and Rae1, promoting mRNA export to the cytoplasm.(24) Nup98 can also be found away from the NPC, dispersed through the nucleoplasm and in intranuclear structures called GLFG bodies (Fig. 2B ). (25) In embryonic Drosophila cells, the intranuclear pool of Nup98 interacts with transcriptionally active genes and changes to the level of Nup98 present can modulate their expression, especially in developmental genes. (26) In human cells, the N-terminal GLFG repeats of nup98 have been shown to interact with histone acetyl transferases and histone deacetylases. (27, 28) At least 27 different genes have been found translocated with NUP98 in leukemic patients (Fig. 2C) . Most of these gene fusions lead to myeloid malignancies (AML, CML, MDS); however, six fusions have so far been identified in T-ALL patients. Nup98 fusions are rare (approximately 2% AML cases) however, they usually indicate a poor prognosis. Over half of Nup98 fusions are detected in patients under 20 years of age and only 25% occur in patients with therapy related malignancies. (21) The karyotype of patients with Nup98 fusions is usually simple, with no more than 3 chromosomal aberrations,(29) indicating a strong transformation potential for the fusions and arguing against an increase in genetic instability. Nup98 fusion partners can be divided into homeodomain (HD) and non-HD containing proteins. Fusions with HD containing proteins always maintain the N-terminal GLFG domain of Nup98 fused in frame to the C-terminal HD of the partner gene.(30) NUP98-HOXA9 was the first fusion detected in an AML patient (31, 32) and it is currently the best-characterized Nup98 translocation. All non-HD containing partner genes encode putative coiled-coil motifs,(33) a domain usually involved in mediating protein-protein interactions. Chromatin recognition domains, such as plant homeodomain zinc fingers (PHD), are also recurrent in non-HD Nup98 fusion partners. So far, few common denominators have been identified when it come to the mechanism by which Nup98 fusions may lead to leukemogenesis. Characterizing their effects in altered gene expression indicates a few common targets: fusions of Nup98 with NSD1, KDM5A, PHF23, HOXA9, HOXD13, PRRX1, HHEX and DDX10 seem to increase the expression of HOXA cluster genes; NSD1, HOXA9 and DDX10 fusions also up-regulate the Hox co-factor Meis1; and HOXA9 or HOXD13 translocations increase the expression of interferon responsive genes.(21) A putative mechanism for how these fusions may alter gene expression has only been described for PHD domain containing translocations (NSD1, KDM5A and PHF23). These fusions seem to bind HOXA gene promoters (through the PHD finger) and recruit histone acetylases CBP/p300 (via GLFG domain) that modify chromatin into a transcriptionally active state. (34, 35) Nup98 fusions with HD containing proteins are assumed to act directly as transcription factors; they can in some cases collaborate with Meis1, a Hox co-factor that increases specificity and binding to target DNAs. (36) Preliminary analysis:
Commonalities among NUP98 translocation partner genes.
Performing bioinformatics analysis of Nup98 fusion partner genes, a few recurrent themes are uncovered (Tab. I). Investigating the interaction profile of these partner proteins we notice that chromatin and/or DNA binding is a characteristic of 75% of them. The partner genes usually display direct DNA interaction or recognition of histone post-translational modifications, with 50% of all fusion partners working as transcriptional regulators. Separating Nup98 fusions leading to myeloid malignancies from those causing T-ALL, an even clearer picture appears: over 95% of myeloid related fusions can interact with DNA/chromatin, with over 2/3 of them acting as transcriptional regulators. T-ALL related fusions show no transcriptional regulators among partner genes and only one of them can interact with DNA/chromatin, likely pointing towards distinct molecular mechanisms for myeloid and lymphoid causing Nup98 fusions. Evaluating biological processes affected by Nup98 fusion partner genes, we determine that almost 60% of them participate in embryonic regionalization and development, with over half being involved in transcription. Other biological processes over-represented among the fusion partners are regulation of cell proliferation, cell differentiation and chromatin modification (Tab. I). Interestingly, in Drosophila cells, Nup98 itself seems to regulate the transcription of developmental and cell cycle genes. (26) The data above indicate that Nup98 fusions might function as rogue transcriptional regulators, especially in myeloid malignancies. It is possible that these fusions can affect gene expression acting directly as transcription factors (TF), altering histone modifications or deregulating other TFs.
Hypothesis:
The goal of this project is to define common mechanisms by which these different Nup98 fusions lead to malignancy. Based on the background and on the preliminary analysis provided above we hypothesize that Nup98 fusions, especially those leading to AML, might function as rogue transcriptional regulators, and that their deregulated target genes might impair cell differentiation and increase self-renewal, setting the stage for malignant transformation and acute myeloid leukemia.
In this project, we propose to study the changes in gene expression caused by Nup98 translocations in bone marrow cells. Using data integration of previously published microarray experiments we will compare the effects of different Nup98 fusion proteins in the gene expression profile of bone marrow cells, leading to the discovery of specific pathways responsible for the disease phenotype. These relevant pathways can indicate key drug targets for this malignancy, and drug responses can be modeled in the existing networks, aiding in the development of new therapies for this disease.
Materials and Methods:
In order to further explore the possible role of Nup98 fusions as rogue transcriptional regulators, I collected microarray experiments of bone marrow cells transformed with different fusions for analysis. In order for this multi-experiment analysis to present biological significance, I only used results from experiments performed in similar conditions, ending up with 4 directly comparable sets: NUP98-HHEX, NUP98-HOXA9, NUP98-HOXA10, NUP98-HOXD13(37, 38). All fusions were transduced into adult mice bone marrow cells using the retroviral vector MSCV-IRES-GFP (the empty vector was used as control), cells were FACS sorted before mRNA purification, target preparation and hybridization to Affymetrix Mouse Genome 430A Arrays. The raw (.CEL) file of each experiment was RMA (robust multichip average) normalized(39) and cross-study normalization was achieved using ComBat, (40) were inferred using STRING(43) version 9.0 and were imported into Cytoscape(44) for formatting.
Results and Discussion:
The expression of several genes is similarly altered in the presence of different Nup98 fusions. Analyzing the genes whose expression was affected by all Nup98 fusions similarly, we see enrichment of a few biological processes: embryonic development, immune system formation and chromatin organization (Fig. 3A and Tab. S1). Evaluating only those genes whose expression was increased in the presence of all NUP98 translocations, we see enrichment for regulation of transcription, cell proliferation and immune system development (Fig. 3B) . On the other hand, genes with decreased expression in the presence of Nup98 fusions are overrepresented for embryonic development, RNA processing and chromatin modification (Fig. 3C ). These changes in the expression profile of genes involved in chromatin organization and modification can be correlated to the know epigenetic deregulation occurring in leukemic cells, especially as has been described for cells containing NUP98 translocations.(21) An increase in the expression of cell proliferation genes can also explain the expansion in the number of these LSCs. They abandon quiescence, as seen in HSCs, and actively proliferate in a deregulated manner, contributing to malignancy.
Genes with altered expression in the presence of NUP98 fusions are regulated by similar transcription factors.
Mapping the regulatory regions and transcription factor binding sites (TFBS) present in the deregulated genes, we can see that up and down-regulated genes present several regulatory regions in common, and 38 transcription factor binding site are enriched in both sets of genes (Tab. 2). These transcription factors play relevant roles in cell cycle regulation, embryonic development, hematopoiesis, apoptosis and chromatin modifications (Fig. 4) . They form a highly interconnected network,(43) indicating protein-protein interactions and transcriptional regulation among themselves (Fig. 5) . Networks of TFs regulating genes with increased expression or genes with decreased expression are less interconnected than that of TFs that are present in both; however, October 2012 4   ADD3  CCDC28A  DDX10  HHEX  HMGB3  HOXA11  HOXA13  HOXA9  HOXC11  HOXC13  HOXD11  HOXD13   IQCG  KDM5A  LNP1  MLL  NSD1  PHF23  PRRX1  PRRX2  PSIP1  RAP1GDS1   RARG  SETBP1  TOP1  TOP2B each network contains at least one module of a few highly interconnected TFs (Fig. S1 and S2 ).
Some of these transcription factors are known to also be deregulated in other types of leukemia. More in-depth analysis of the role of a few of the TFs putatively regulating genes with altered expression in cells bearing NUP98 translocations can uncover possible novel mechanisms by which these fusions may lead to leukemogenesis. Wilms Tumor 1 (WT1) is one of the most enriched TFBS in up and down regulated genes. WT1 is a TF with expression restricted to hematopoietic progenitor cells in the bone marrow with a role in their self-renewal. Mutations in WT1 indicate a worse prognosis in acute leukemias and can be found in approximately 10% of AML cases. (45) This transcription factor can work as both a tumor suppressor and an oncogene, and it can enhance or repress transcription of its target genes (such as MYC and BCL-2) depending on cellular conditions. (46) WT1 and N-terminal Nup98 (present in fusions) both interact with CBP, providing an interesting putative mechanism on how Nup98 fusions might be affecting this TF and its targets without affecting its expression level. As another example, CEBPA appears as an important regulatory TF in genes deregulated by Nup98 fusions. Interestingly its own expression is reduced nearly 2 fold in Nup98 fusion expressing cells. Decreased CEBPA expression in BM cells decreases differentiation and increases proliferation of myeloid progenitors leading to leukemia. Another leukemic fusion, AML1-ETO, has also been shown to down-regulate CEBPA expression, and CEBPA mutations that abrogate its function or generate dominant negatives have also been described as leukemogenic. (47 The identified transcription factor network is highly similar to the network of transcription factors regulating growth arrest and differentiation in human myeloid cells. Given the above results, we can hypothesize that these NUP98 translocations are deregulating transcription factors that control differentiation and self-renewal in primitive hematopoietic cells. The network of transcription factors regulating growth arrest and differentiation in a human myeloid cell line has already been described.(49) Superposing the microarray results obtained above into this previously published network (Fig. 6 ), we notice that over 80% of the TFs thought to regulate growth arrest and differentiation have decreased expression in cells containing Nup98 fusions. Additionally, 70% of the TFs represented in this network have enriched TFBS in genes with deregulated expression upon NUP98 translocations. This reinforces the idea that Nup98 fusions can deregulate key TFs in myeloid cells, leading to a cascade of changes in their gene expression profile that ultimately disrupts differentiation and proliferation, promoting leukemogenesis. (34, 35) and it is possible that Nup98 fusions may also lead to epigenetic deregulation affecting DNA methylation or histone modifications in the CpG islands identified in deregulated genes. As well as DNA methylation, CpG islands in gene promoters can be silenced by polycomb group proteins. (51) In mouse hematopoietic progenitors NUP98-KDM5A fusions bind the promoters of HOXA6-A10, this stops polycomb complex proteins from silencing them, maintains H3K4me3 and acetylated histones in their promoter, and leads to increased expression of these genes.(34) Similarly, NUP98-NSD1 binds the promoters of HOXA7 and HOXA9, leading to histone October 2012 
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Concluding remarks:
The project described here aims at improving our understanding of how NUP98 translocations lead to leukemia. Based on previous literature and the results presented we can see that most Nup98 fusion partners provide a DNA/ chromatin interacting interface to these fusion proteins. This leads to the deregulation of sets of genes that increase the proliferation of these cells, as well as to the deregulation of genes that alter epigenetics. The genes with altered expression in the presence of Nup98 fusions are regulated by similar transcription factors, and these form a highly interconnected network. Part of this regulatory transcription factor network is itself down-regulated and very similar to the network of transcription factors regulating growth arrest and differentiation in human myeloid cells. It's likely therefore, that these Nup98 fusions act as rogue transcriptional regulators, affecting mainly cell differentiation and self-renewal. Table S1 : Genes with altered expression in the presence of Nup98 fusions.
